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EPA Staff Paper on Gasoline Sulfur Issues

Executive Summary

In response to a Congressional mandate contained in the Clean Air Act, the U.S.
Environmental Protection Agency (EPA) recently published a draft study of the air quality need
for and the feasibility and cost-effectiveness of emissions reductions from light-duty vehicles
(LDVs) and light-duty trucks (LDTs) beyond those required by the existing Tier 1 emission
standards. EPA plans to follow this study by the end of 1998 with a notice of proposal for this
next level of emission standards, Tier 2 standards. In evaluating the technical feasibility of
additional emission controls, the draft Tier 2 study identified commercial gasoline sulfur levels
as a potentially significant factor in determining the emission control potential of future vehicles.
Hence, as part of establishing Tier 2 standards, the Agency will also establish a gasoline sulfur
control program, to be proposed in the same time frame.

This paper presents EPA’s current understanding of the impact of gasoline sulfur on
emissions from current and future motor vehicles. The paper also explores what can be done by
gasoline producers and automobile manufacturers to reduce sulfur's impact on vehicle emissions.

The Impacts of Gasoline Sulfur on Emission Control Systems

Modern gasoline-fueled vehicles use catalysts to reduce emissions of hydrocarbons (HC),
carbon monoxide (CO), and oxides of nitrogen (NOx) by over 90 percent (%). Sulfuris a
catalyst poison. Sulfur and sulfur oxides inhibit the reaction of HC, CO, and NOx on the
catalytic surface. Sulfur also interferes with the management of oxygen on the catalyst surface,
which must be precisely controlled to maximize NOx emission reductions. The degree of
sulfur’s interference appears to depend on many factors, such as the specific design of the
catalyst, the range of exhaust temperatures experienced by the catalyst, the materials used to store
oxygen in the catalyst, and the range of air-fuel mixtures fed to the engine. Of all of the noble
metals used in modern catalysts, palladium appears to be the most susceptible to sulfur
poisoning. Likewise, of oxygen storage media, ceria appears to be the most sensitive to sulfur.
Palladium is currently the catalyst of choice of most vehicle manufacturers for their emission
control systems designed to meet California’s low emission vehicle (LEV) standards. Palladium
is able to withstand higher temperatures, which allows the catalyst to be placed closer to the
engine and start working sooner after a cold start. Ceria allows the catalyst to operate at its
maximum efficiency over a wide range of vehicle operating conditions, which is critical to
reducing emissions in-use and not just in the laboratory.

It is possible that future optimization of catalyst and engine designs could reduce the

impact of sulfur on catalyst performance. For example, the increased use of the precious metal
rhodium in catalysts and the maintenance of consistently high temperatures during typical
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operation (e.g., above 650° C) may reduce the negative emissions impact of sulfur. Increasing
the total precious metal content of the catalyst can also reduce the impact of sulfur, though at
significant cost. However, due to sulfur's inherent chemical nature, it is highly unlikely that the
impact of sulfur can be completely eliminated. As tighter emission standards require higher
catalyst efficiencies, the impact of sulfur is bound to be more dramatic.

Automakers and oil companies have both recently completed extensive test programs to
investigate the impact of sulfur on emissions from vehicles meeting California LEV standards.
These vehicles are currently being sold in the Northeast and will be sold nationwide starting in
2001, as part of the voluntary National Low Emission Vehicle (NLEV) program. Some of the
results of this testing are summarized in Table E1 below. Many of the vehicles tested failed their
certified emission standards when using higher sulfur fuels.

Table E1. Average Increase in Emissions for LEVs and ULEVs Relative to 40 ppm Sulfur
[Source: CRC and AAMA/AIAM Test Programs]

Pollutant NMHC NOx

Fuel Sulfur, ppm 150 330 150 330
All LDV/LDT1 @ 26.7% 43.0% 65.7% 135.6%
All LDT2/LDT3 ® 23.0% 26.4% 33.7% 65.5%

LDV/LDT1s Broken Down by NMHC+NOx Emissions with 40 ppm Sulfur Fuel

9 Lowest Emitters 26.8% 44.0% 127% 264%

9 Highest Emitters 26.6% 42.1% 41.2% 84.2%

LDV/LDT1s Broken Down by the Sensitivity of NMHC+NOx Emissions to Sulfur

9 Least Sensitive 32.2% 49.5% 31.0% 61.0%

9 Most Sensitive 25.1% 42.2% 122% 251%

4LDV = light duty vehicle (passenger car); LDT1 = light duty truck, class 1
*LDT2 = light duty truck, class 2; LDT 3 = light duty truck, class 3

These emission impacts are very significant, particularly for NOx emissions. For
example, the data indicate that if a LEV LDV emits 0.30 grams per mile (g/mi) NOx with 40
parts per million by weight (ppm) sulfur fuel at 100,000 miles (which is the LEV emission
standard for NOx), this vehicle would emit 0.71 g/mi NOx with typical non-California fuel. This
level exceeds the NOx standard for Tier 1 LDVs, which these LEVs replaced. Even in RFG
areas, after implementation of the Phase Il RFG standards in 2000 (which are expected to result
in average sulfur levels of 150 ppm), this LEV LDV would emit 0.50 g/mi.
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Sulfur increased the emissions from every vehicle in these test programs (i.e., not one
vehicle was completely insensitive to sulfur). However, some of the vehicles were less sensitive
to sulfur than others. This variability is not surprising, given that these vehicles were primarily
designed to be operated on California Phase 2 reformulated gasoline, which contains less than 40
ppm sulfur on average. As mentioned above, vehicle manufacturers may be able to directionally
reduce the impact of sulfur in future vehicles.

To illustrate this variability, the impact of sulfur on four subsets of the 18 unique LDVs
and LDT1s tested in the two industry programs are also summarized in Table E1. The impact of
sulfur on NMHC emissions from the nine vehicles with the lowest NMHC+NOx emissions on
California-like 40 ppm fuel is essentially the same as the impact of sulfur on the remaining nine
vehicles. However, the impact of sulfur on NOx emissions from the nine vehicles with the
lowest NMHC+NOx emissions on California-like 40 ppm fuel is much greater than the impact of
sulfur on the remaining nine vehicles. This is consistent with the overall trend observed that
sulfur's impact, particularly on NOX, increases as the overall stringency of emission control
increases.

At the same time, NOx emissions from the nine vehicles showing the least sulfur
sensitivity (in terms of NMHC+NOXx emissions) are much less sensitive to sulfur than the
remaining nine vehicles. The opposite is true for NMHC emissions, because the change in NOx
emissions with higher sulfur is much greater than that for NMHC.

EPA expects that auto manufacturers should, in general, be able to reduce the sulfur
sensitivity of LEVs and ULEVs to that of the nine least sensitive vehicles. However, one factor
not reflected in these data is the need to meet stringent emission standards, applicable during
periods of aggressive driving and use of the air conditioner, starting in 2001. These “off-cycle”
standards will place additional limits on the fuel management strategy and catalyst designs used
by manufacturers. In particular, more precise air-fuel mixture control will likely be required.

This could eliminate one method which appears to reduce sulfur's emission impact, wide swings
in the air-fuel ratio. Future Tier 2 vehicles may also have to meet more stringent emission
standards than today’'s LEVs, which could further limit the manufacturers’ choices for emission
control system designs. EPA plans to further analyze the emission data produced in these test
programs to determine the degree that off-cycle standards would affect manufacturers’ abilities to
design emission control systems with lower sulfur sensitivity.

While sulfur has a large impact on emissions from current low-emission vehicles,
technological advances are also being made to improve the fuel efficiency of the nation’s
vehicles. Gasoline direct injection engines and fuel cells are two of the advanced powerplants
being developed. Both of these technologies may be more sensitive to sulfur than current
vehicles; current designs of these powerplants can tolerate very little gasoline sulfur. Therefore,
gasoline sulfur removal is not only important to maintain the emission control potential of
current vehicles, but is being highlighted by many as an important technology enabler in the
future.
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Finally, the automotive industry has expressed concern that sulfur will also interfere with
the on-board diagnostics (OBD) systems designed to monitor catalyst performance. OBD
catalyst monitors utilize oxygen sensors which incorporate catalytic materials which can be
compromised by sulfur much like the exhaust catalyst. EPA has evaluated the impact of sulfur
on OBD catalyst monitors in the past and determined that any significant impacts should be
limited to a few specific model lines. EPA is willing to address any sulfur-related OBD
compliance problems on a model-specific basis during certification.

Fuel and Vehicle Emission Controls as a System

Vehicles should be designed to meet emissions standards based, in part, upon the range of
fuels that are used to certify the emissions performance as well as the range of fuels likely to be
encountered in-use. Currently, the test fuels used by industry and EPA for federal vehicle
certification reflect a narrow range of permitted fuel specifications and can differ substantially
from the gasolines actually sold nationwide, particularly with respect to sulfur content. The
sulfur level of the test fuel generally used in federal certification is typically less than 100 ppm,
often approaching that of California certification fuel, which averages about 30 ppm sulfur.
However, while California restricts the sulfur content of commercial gasoline to about 30 ppm on
average, gasolines sold outside of California average over 300 ppm sulfur. Even federal Phase 2
reformulated gasoline, which will not be available until 2000, is expected to average 150 ppm,
still well above that of typical federal certification test fuel.

For Tier 1 and earlier vehicles, this difference in sulfur levels between certification test
fuel and commercial gasolines probably did not affect the emission control technology selected
for use by automakers, since sulfur’s effect on emissions from these vehicles was smaller. With
advances in emission control technology, this is no longer the case. Therefore, the arguments in
favor of changing the sulfur content of certification test fuel to match that of commercial gasoline
are increasing. The only issue is whether the sulfur content of certification test fuel should be
increased or that of commercial gasoline reduced, or both.

Increasing the sulfur content of the certification test fuel would either increase the
stringency of the Tier 2 standards (by requiring the same level of emission reduction with a
higher sulfur fuel), or result in numerically higher standards than would otherwise be established
(to accommodate the sulfur impact). Reducing the sulfur content of commercial gasoline would
do the opposite. It would also reduce emissions from the current fleet of vehicles, reduce sulfur
dioxide and sulfate emissions from all vehicles, and potentially enable advanced low emission
and fuel efficient technologies. These are the options available for addressing the current
difference in sulfur levels between typical certification test fuels and commercial fuel.
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Reducing the Sulfur Content of Commercial Gasoline

Sulfur occurs naturally in crude oil. As crude oil is refined, some of the sulfur ends up in
gasoline. The amount of sulfur in the gasoline from any particular refinery can vary widely
depending on the specific crude oil processed and the processing capability of the refinery.

While a number of refinery processing options are available to reduce the sulfur content
of gasoline, the most likely technique would be to remove most of the sulfur from the products of
the refinery’s fluidized catalytic cracker (FCC) which typically end up in gasoline. These FCC
products are the source of the great majority of sulfur in gasoline. Just as current sulfur levels
vary between refineries, the cost of removing sulfur varies, as well.

Significant sulfur reductions would likely require investment in new refinery processing
hardware, as well as increased operating costs. EPA, with help from the Department of Energy
(DOE), has developed preliminary estimates of the cost to control sulfur from current average
levels of all the gasoline produced in the Northeast and the Gulf Coast of the U.S. (see Table E2).
MathPro, Inc. has also projected sulfur reduction costs for these refiners, plus those in the
Midwest, under contract to the American Petroleum Institute (API). Both of these sets of
projections are based on current sulfur removing technologies. As can be seen, the projected
costs of sulfur removal increase substantially as sulfur is reduced from 100 ppm to 40 ppm. The
MathPro/API projections are higher than those of EPA and DOE for control to 150 ppm and 100
ppm sulfur, but below the low end of EPA/DOE’s projected cost range for 40 ppm sulfur. EPA
and DOE are currently pursuing estimates of the cost of reducing sulfur levels for Midwest,
Rocky Mountain, and Far West refineries.

Table E2. Preliminary Sulfur Reduction Costs (cents per gallon)
Sulfur Control EPA/DOE: Northeast and Gulf API/MathPro: Northeast, Midwest
Level (Average), Coast Refiners With Current and Gulf Coast Refiners Wjith
ppm Technology Current Technology
150 1.1-1.8 2.7
100 1.9-3.0 3.4
40 5.1-8.0 5.1

While conventional technology is capable of reducing the sulfur content of gasoline, EPA
has recently learned of emerging sulfur removal technologies which purport to be much less
costly. Companies which license these technologies estimate that the cost of reducing sulfur to
40 ppm (on average) is about 1-2 cents per gallon. EPA and DOE are currently evaluating these
technologies to assess whether these projected costs are reasonable. If so, then these new
processes would dramatically reduce the projected cost of sulfur control.
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Sulfur Control Program Considerations

Domestic and overseas automakers recently jointly petitioned EPA to implement an 80
ppm sulfur cap on all gasoline sold nationwide starting in 2004. (This cap is expected to result in
an average sulfur level of about 40 ppm.) Several state organizations as well as automotive
catalyst manufacturers have made similar recommendations. In contrast, the trade organizations
representing the majority of gasoline refiners have proposed a regional sulfur reduction program.
Under this proposal, gasoline sulfur would be limited to 150 ppm on average in a 22-state region
during the summer, with a 300 ppm average sulfur restriction on gasoline sold elsewhere during
the summer.

Clearly, a broad consensus now exists that the sulfur content of commercial gasoline must
be reduced to protect the current investments being made in vehicle emission control
technologies and to facilitate the achievement of even more stringent emission standards in the
future. Questions remain regarding the appropriate level and form of the sulfur limit. The level
of sulfur reduction, and whether the limit is based on a refinery average or a per-gallon
maximum, will depend primarily on the factors already discussed. Once the technical concerns
of the emission control systems are answered, the greatest difference between a sulfur standard
based on average levels and one based on an absolute cap on sulfur content lies in the
implications for compliance and enforcement of the requirement. An averaging standard would
increase the recordkeeping and reporting requirements, and may necessitate the implementation
of periodic surveys to ensure compliance not just at the refinery, but at the retail level. In
addition, the identification of the appropriate level of sulfur control will help determine if
gasoline sulfur levels must be fairly consistent over time and over different covered areas.
Otherwise, compliance and enforcement will have to be designed to ensure that there are not
great variations in sulfur levels between cities.

While the specific sulfur limit will be based largely on vehicle technology needs, the form
of the sulfur program will be based, in part, on two additional factors: regionality and
seasonality. If the ozone benefits of Tier 2 standards are of primary importance, as assumed by
the refiners’ associations proposal, a regional program could be defined to encompass most of the
projected future ozone non-attainment areas, and could be designated only for the time of year
when ozone is most problematic. Limiting sulfur control to specific regions of the country or to
a specific season would likely reduce the cost of the program, as the cost of removing sulfur
increases as more gasoline is affected. Under a regional program, refiners who find it less
expensive to reduce sulfur will supply the majority of low sulfur gasoline, while others refiners
would still have a market for higher sulfur fuel. Compliance costs under a program involving
multiple sulfur levels would be somewhat more costly, however, since fuels would likely have to
be segregated and compliance from the refinery to the retail level would have to be ensured.

A key requirement for a regional sulfur program is that the impact of sulfur be reversible.

That is, emissions would return to their original low levels once use of high sulfur fuel ceased.
While the available test data are limited, some vehicles’ emissions appear to be reversible, while
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others’ are not easily reversible. The same factors described above which determine the
sensitivity of a catalyst to sulfur (catalyst design, air-fuel ratio, and temperature) also appear to
affect the ease of reversibility. Likewise, the reversibility of the sulfur effect could be impacted

in the future by off-cycle emission controls. While the existence of sulfur reversibility would not
in itself be sufficient reason to focus on a regional or seasonal sulfur program, its absence would
be sufficient to only consider national and year-round sulfur limits. Also, any degree of
irreversibility effectively increases the stringency of the emission standards for auto
manufacturers and/or increases their in-use liability, since vehicles tested in an in-use recall
program (even if tested with low sulfur fuel) could have been operated on higher sulfur fuel at
some point in their lives.

Just as there are many benefits to a regional control program, there are numerous reasons
for a single national sulfur standard. The Tier 2 vehicle standards are expected to apply
nationally (e.g., all states except California); a single commercial gasoline sulfur standard
applicable nationwide (all states except California) would allow vehicle manufacturers to design
these vehicles for a single in-use federal fuel, instead of a range of in-use fuels. A single
nationwide sulfur standard (particularly a per-gallon limit) would simplify the enforcement of the
requirement and may decrease the possibility of sulfur-induced OBD problems. Local areas with
inspection and maintenance (/M) programs which lay outside of a sulfur control region would
also avoid the need for special procedures and cut-points to compensate for their higher fuel
sulfur levels. Furthermore, many of the emission reductions associated with the potential Tier 2
standards and gasoline sulfur reduction would be beneficial nationwide (e.g., reductions in
particulate matter (PM) formed from VOC, NOx, and oxides of sulfur (SOx) emissions,
reductions in air toxic emissions, etc.). A national sulfur limit would also be desirable if lower
sulfur levels were needed to permit the future introduction of vehicle technologies which provide
significant reductions in emissions or fuel consumption. California and Japan have imposed
stringent sulfur limits and Europe will decide on a stringent sulfur limit shortly. Thus, without
similar sulfur limits throughout the U.S., advanced technology designed for these markets may
not be available in the U.S.

One additional argument for a national sulfur standard is that many areas outside of the
region covered by the refining industry proposal are projected to only marginally attain the ozone
standard in the future. If these areas experience economic and population growth, additional
reductions in VOC and NOx emissions will likely be necessary to ensure maintenance of the
ozone standard. Thus, it is not clear that a regional strategy similar to the region identified by the
refiner associations is sufficiently large to ensure that ozone-related benefits occur in every area
where they are needed.

The costs of a national program, however, are likely to be substantially greater than for a
regional program. Controlling every gallon of gasoline will require that all refiners take action;
there would be no market to accommodate the gasoline that is most expensive to control. Given
that there are some regional variations in the sulfur content of gasoline, and that some refiners are
better positioned than others to reduce gasoline sulfur, a national program could result in
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significant variations in costs between regions, and individual refiners in some regions could
experience greater economic hardship than the average refinery. The higher production costs of a
national program could be offset in part by lower relative compliance and enforcement costs, but
that depends on how the program is designed.

EPA’s Next Steps

Based on the data and information obtained to date and the consensus among a wide
variety of stakeholders, EPA staff recommend that the Agency develop proposed gasoline sulfur
standards to be implemented coincidentally with the implementation of the planned Tier 2
emission standards for LDVs and LDTs. There are many issues, such as the health and welfare
benefits of gasoline sulfur control, which will need to be addressed as EPA proceeds. This Staff
Paper is intended to further dialog on these issues, and foster further research.

To identify the appropriate actions, EPA will work closely with all stakeholders. In May,
1998, a public workshop will be held to discuss the technical issues raised in this Staff Paper.
Throughout the coming months, EPA will continue to interact with individual companies, trade
organizations, the states, and environmental interests to determine the best approach to dealing
with this issue.
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EPA Staff Paper on Gasoline Sulfur Issues

Introduction

The U.S. Environmental Protection Agency (EPA) is considering setting limits on the
sulfur content of gasoline at this time primarily because advanced automotive catalysts are more
susceptible to poisoning by higher sulfur levels. This susceptibility to poisoning has become a
critical issue as motor vehicle emission standards have become more stringent. Setting a limit on
sulfur content would also reduce emissions from current technology vehicles. The series of
reports published by the joint efforts of the automotive and oil industries (Aufo/Qil) and other
studies in the early 1990's demonstrated that higher fuel sulfur levels increased non-methane
hydrocarbon (NMHC), carbon monoxide (CO), and oxides of nitrogen (NOx) emissions. With
Tier 0 and Tier 1 vehicles, sulfur levels up to 500 parts per million (ppm) increased emissions by
up to 15-20 percent (%) over emissions with sulfur levels around 40 ppm. While the effect of
sulfur was significant, in-use levels of sulfur did not play a substantial role in defining the types
of catalysts used on motor vehicles meeting Federal Tier O or Tier 1 standards.

Recent advances in both engine controls and catalyst designs have allowed a number of
current production models to meet either California’s low emission vehicle (LEV) or ultra-low
emission vehicle (ULEV) standards without having to resort to novel emission control
technology, such as electrically heated catalysts or hydrocarbon (HC) adsorbers, or to fuels other
than gasoline. However, very recent test data show that emissions from vehicles designed to
meet these LEV and ULEV standards can more than double with the use of higher sulfur
gasoline. The sensitivity of these current LEVs and ULEVs to sulfur is a great cause of concern.
Some LEVs have already begun to be sold in Northeast states under state-adopted California
LEV programs and the recently established National LEV (NLEV) program. More LEVs will be
sold nationwide beginning in 2001 under NLEV. Higher sulfur levels have the potential to
significantly reduce the benefits of the NLEV program if left unchanged.

EPA is also in the process of evaluating whether potential federal Tier 2 standards should
replace the NLEV program in 2004. EPA recently published a draft study mandated by Congress
of the air quality need for and the feasibility and cost effectiveness of Tier 2 Stahdards. EPA
plans to follow this study by the end of 1998 with a notice of proposal for Tier 2 standards. As
the emission control technology used to meet potential Tier 2 standards could be very similar in
design to that used on LEVs and ULEVs, emissions from potential Tier 2 vehicles could also be
very sensitive to sulfur and impede progress in developing emission controls capable of meeting

! Sensitivity is used herein to refer to the percentage change in emissions for a specified change in fuel
sulfur content (e.g., 50% emission increase for an increase in sulfur from 40 to 300 ppm).

2 Auto/Oil Air Quality Improvement Research Program, various publications, 1992-1996.

8 U.S. EPA, “Tier 2 Study,” Draft Report to Congress, April 23, 1998.
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more stringent emission levels. Thus, EPA has decided to evaluate the need for limits on the
sulfur content of commercial fuel which would be developed in conjunction with the potential

Tier 2 standards and proposed in the same time frame. This paper is the first step in the process
of developing these commercial fuel sulfur limits.

The remaining sections of this paper discuss:

1) The interactions between sulfur and vehicle technology, including the effect of sulfur on
emissions from LEVs and ULEVs, the ability of these vehicles to recover their emission
performance after temporary operation on high sulfur fuel, and the effect of fuel sulfur on
advanced vehicle technology designed for high fuel efficiency or extremely low
emissions;

2) The impact of sulfur control on refinery operations, including the technology used to
reduce sulfur levels, the cost of sulfur removal, and the ability of the industry to make the
necessary investments;

3) Other fuel quality issues which could affect refiners’ approaches to sulfur control,
including limits on certain distillation properties of gasoline and limits on onroad or
nonroad diesel fuel properties (particularly sulfur);

4) Actions which have been taken to reduce the sulfur content of gasoline in other countries;

5) Recommendations regarding levels of sulfur control which have been made by
stakeholders to date; and

6) The paper’s conclusions.

Before moving to these six remaining sections, it would be helpful to provide an
overview of the key factors which affect the need for gasoline sulfur control and the direction
these factors provide regarding the design of a sulfur control program for the U.S.

Tremendous progress has been made over the past several years in developing technology
to reduce emissions from gasoline-fueled vehicles. This progress has focused on two inter-
related areas: the exhaust catalyst and management of the air and fuel mixture inducted into the
combustion chamber (e.g., the air-fuel ratio). Automotive catalysts are now far more efficient in
removing NMHC, CO, and NOx emissions than they were just five years ago. These catalysts
can also withstand much higher temperatures, which allow them to be placed closer to the
engine. This in turns shortens the time it takes for the catalyst to begin operating (“light-off”)
after the engine is started, dramatically reducing emissions. Precise control of the air-fuel ratio is
important, because the catalyst can only achieve its maximum efficiency when the air-fuel ratio is
within a narrow range. Advanced computerized engine controls are able to maintain the proper
air-fuel ratio over a wide range of operating conditions. At the same time, improved catalyst
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promoters within the support material (washcoat) have improved the ability of the catalyst to
withstand temporary swings in oxygen levels in the exhaust when the engine controls are not able
to precisely control the air-fuel ratio.

Sulfur interacts chemically with both the catalyst and the washcoat which manages
oxygen on the catalyst surface. Sulfur compounds adsorb onto the surface of these materials and
prevent pollutants, oxygen, and other exhaust compounds from interacting with the catalyst
surfaces. This inhibits the ability of the catalyst to convert pollutants into less harmful
emissions. Emission control technology designed for California, which has the most stringent
vehicle emission standards in the world, is often used eventually on vehicles sold in the rest of
the U.S., Europe, and Japan, so those developing emission control systems have a tremendous
incentive to develop technology for California. Since California restricts the sulfur content of
gasoline statewide to no more than 80 ppm, catalyst developers have focused on developing
catalysts for this low level of sulfur. They also evaluate their prototype catalysts with slightly
higher 100 ppm sulfur fuel, as this is the typical upper limit of the sulfur level of the test fuel
used by industry and EPA in the federal motor vehicle compliance programs (commonly referred
to as Indolene). This higher sulfur level can significantly reduce catalyst performance.
However, this difference (100 ppm versus 30 ppm) is small relative to the sulfur levels of current
U.S. gasoline outside of California, which averages over 300 ppm sulfur and can reach levels as
high as 1000 ppm.

In the past, this difference in federal test fuel and commercial fuel sulfur levels appeared
to cause only a small increase in emissions (e.g., 5-10% on average). This effect was considered
in the development of the NLEV program, which involves the nationwide sale of vehicles
certified on California low-sulfur fuel. Given the recent test programs which have demonstrated
that LEV emissions increase to a much greater degree (in percentage terms), EPA staff believes
that it is not appropriate to continue testing vehicles on gasoline with 50-100 ppm sulfur knowing
that they will be operated on high sulfur fuels in-use. The issue is whether to perform
certification and compliance testing with higher sulfur levels or whether to reduce the sulfur
content of commercial gasoline to levels more consistent with those prevalent in California (or a
combination of the two changes).

Key factors affecting this decision include: 1) the effect of sulfur on LEV and ULEV-like
vehicles which will also meet other emission control requirements effective early in the next
century; 2) the cost of reducing catalyst sensitivity; 3) the cost of removing sulfur from gasoline;
4) the effect of sulfur on emissions from the current fleet (Tier O, Tier 1, and NLEV vehicles)
prior to the turnover to Tier 2 vehicles, and the overall health and environmental benefits
achieved by these emission reductions. These factors will be considered together, and can have
significant impacts on the ultimate level of emission controls achievable through Tier 2 vehicles.
For example, if they lead to a decision to select a commercial fuel sulfur limit above California’s,

* Indolene has typically averaged a sulfur level of 50-60 ppm, although recent batches at EPA’s Ann Arbor,
MI laboratory have been reported to contain in excess of 100 ppm.
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the degree of emission control achievable by future vehicles may be limited, leading to higher
numerical Tier 2 emission standards. Selecting a gasoline sulfur level very different from
California’s may also reduce or prevent further advanced technologies which are being
developed for use in California from being extended to the rest of the U.S. These technologies
include further catalyst developments focused on California’s proposed Phase Il LEV standards
(LEV-Il) and others which are focused on improved fuel efficiency.

In addition to options regarding the level of the commercial fuel sulfur standard, there
may also be options regarding its geographical and temporal extent. In general, the costs of
sulfur control decrease as the region of sulfur control shrinks, but so do the environmental
benefits. For example, the potential Tier 2 vehicle standards are expected to apply nationally. A
single sulfur standard applicable to all commercial fuel sold nationwide would allow vehicle
manufacturers to design their vehicles for a single fuel, instead of two or more.

Many of the emission reductions associated with the potential Tier 2 standards and
gasoline sulfur reduction would also produce benefits nationwide in addition to local benefits
such as ozone reductions. For example, VOC, NOx, and sulfur oxide (SOx) emissions all form
particulate matter (PM) in the atmosphere and are transported long distances. Thus, reductions in
these emissions, regardless of their location, are likely to benefit areas currently not in attainment
of the PM national ambient air quality standards (NAAQS). Emissions of air toxics (compounds
which have been implicated in cancer and other health concerns) also affect human health,
regardless of the vehicles’ locations.

Automakers, state organizations, and others have recommended that EPA develop a
national maximum sulfur limit to ensure the benefits of sulfur control. A single, nationwide per-
gallon sulfur standard would tend to simplify enforcement of vehicle emission standards relative
to an averaging standard or to multiple standards applying to different regions of the country.
Both EPA and vehicle manufacturers could rely on the fact that vehicles tested in recall programs
were operated on fuels similar to those on which compliance was originally determined.
Furthermore, enforcement of the fuel standards would be much simplified if a single, per-gallon
cap were defined.

On the other hand, representatives of the oil industry have proposed a regional, summer-
only program, focusing on the ozone-related benefits of the potential Tier 2 standards. The
majority of 0zone nonattainment areas, and areas needing further emission reductions in order to
maintain their compliance status, are in the East and Midwest. Also, high ozone is generally a
summertime problem. However, a sulfur control program designed to provide low sulfur fuel to
every area needing further emission reductions in order to attain or maintain their compliance
status would impact every region of the country, could significantly complicate fuel distribution,
and would not yield some of the other, non-ozone related benefits of gasoline sulfur reductions.

The primary benefit of a regional, seasonal sulfur program is economic. The economics
of sulfur control in a refinery are such that the cost per gallon of control increases as the fraction
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of the refinery’s gasoline production affected by the standard increases. Therefore, a refiner can
avoid the most costly controls if it can control less than 100% of its gasoline production. Also,
individual refiners face different costs of sulfur control. With a regional program, some refiners
facing higher control costs could choose to produce fuel for sale outside of the affected area or in
areas with less stringent controls. While gasoline production costs would be less under a
regional control program, the costs of transporting and storing gasoline would be somewhat
higher, and the burdens to ensure compliance would be greater.

The most important factor affecting any regional or seasonal sulfur control program is the
need for the sulfur effect to be temporary. Vehicles are operated during all seasons and often
travel across state lines. Thus, under essentially any regional or seasonal program, many or all
vehicles in ozone non-attainment and maintenance areas would be occasionally or regularly
fueled with high sulfur gasoline. In order for sulfur control to reduce emissions over the life of
the vehicle, the emission impacts of sulfur must only last as long as the vehicle is being operated
on the higher sulfur fuel. This phenomenon whereby the emissions decrease quickly when low
sulfur fuel is used after having increased as a result of high sulfur fuel use is termed reversibility.
Reversibility is not a certainty, either for vehicles meeting California LEV or potential federal
Tier 2 standards, or for those employing even more advanced designs. Some vehicles designed
to meet the LEV standards have shown reversibility and other have not. Any significant degree
of irreversibility would essentially eliminate consideration of regional and/or seasonal sulfur
control strategies. Partial irreversibility would increase the stringency of the emission standards
for manufacturers, since they need to design based in part on the fuels a car will see in-use, and
vehicles tested in an in-use recall program could have been operated on higher sulfur fuel at some
point in their lives. Manufacturers must compensate for this when they set their emission design
targets under the standards. Thus, while reversibility does not in itself determine that a
regional/seasonal program is to be preferred over a national program, it is a necessary component
of any regional/seasonal program.

As the remainder of this paper discusses sulfur-related issues affecting vehicles and
refineries, constant mention is made of how the various factors could affect the degree of
commercial fuel sulfur control needed, as well as the nature of the sulfur control program. The
reader is encouraged to keep these factors in mind as the details of vehicle and refinery operation
are discussed.
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Il. Gasoline Sulfur's Impact on Vehicle Technologies

Tailpipe emissions from modern motor vehicles depend on both the emissions coming
from the engine and the efficiency of the catalytic exhaust aftertreatment system in converting the
HC, CO, and NOXx to carbon dioxide, water, nitrogen and oxygen. Fuel properties can impact
both engine-out emissions and catalyst efficiency. For example, EPA has known that a wide
range of fuel variables (Reid vapor pressure, oxygen, benzene, sulfur, olefins, aromatics,
distillation properties) can affect emissions; the reformulated gasoline program is based on
control of many of these fuel properties. Lately, limited evidence has indicated that the
emissions impact of some of these fuel properties is diminishing as emission control technologies
have advanced. However, recent research indic